Despite important progress toward deciphering human hepatitis B virus (HBV) entry into host cells, many aspects of the early steps of the life cycle remained completely obscure. Following endocytosis, HBV must travel through the complex network of the endocytic pathway to reach the cell nucleus and initiate replication. In addition to guiding the viral particles to the replication site, the endosomal vesicles may play a crucial role in infection, providing the appropriate environment for virus uncoating and nucleocapsid release. In this work, we investigated the trafficking of HBV particles internalized in permissive cells. Expression of key Rab proteins, involved in specific pathways leading to different intracellular locations, was modulated in HepaRG cells, using a stable and inducible short hairpin RNA (shRNA) expression system. The trafficking properties of the newly developed cells were demonstrated by confocal microscopy and flow cytometry using specific markers. The results showed that HBV infection strongly depends on Rab5 and Rab7 expression, indicating that HBV transport from early to mature endosomes is required for a step in the viral life cycle. This may involve reduction of disulfide bond-linked envelope proteins, as alteration of the redox potential of the endocytic pathway resulted in inhibition of infection. Subcellular fractionation of HBV-infected cells showed that viral particles are further transported to lysosomes. Intriguingly, infection was not dependent on the lysosomal activity, suggesting that trafficking to this compartment is a "dead-end" route. Together, these data add to our understanding of the HBV-host cell interactions controlling the early stages of infection. C hronic hepatitis B virus (HBV) infections can lead to lifethreatening liver diseases, such as cirrhosis and hepatocellular carcinoma, the third cause of cancer deaths worldwide (1). Infectious viral particles consist of an icosahedral nucleocapsid made of the core protein and a lipid bilayer embedding the small (S), middle (M), and large (L) envelope proteins (2). The nucleocapsid surrounds the relaxed circular, partially double-stranded DNA genome, to which the viral polymerase is covalently attached (3). Apart from the crucial roles played in virus morphogenesis and infection, the envelope proteins bear the intriguing property to self-assemble into spherical and filamentous subviral particles (SVP), which are released from cells in vast excess over virions, accounting for more than 90% of the total particles in the serum of infected patients (4).
C
hronic hepatitis B virus (HBV) infections can lead to lifethreatening liver diseases, such as cirrhosis and hepatocellular carcinoma, the third cause of cancer deaths worldwide (1) . Infectious viral particles consist of an icosahedral nucleocapsid made of the core protein and a lipid bilayer embedding the small (S), middle (M), and large (L) envelope proteins (2) . The nucleocapsid surrounds the relaxed circular, partially double-stranded DNA genome, to which the viral polymerase is covalently attached (3) . Apart from the crucial roles played in virus morphogenesis and infection, the envelope proteins bear the intriguing property to self-assemble into spherical and filamentous subviral particles (SVP), which are released from cells in vast excess over virions, accounting for more than 90% of the total particles in the serum of infected patients (4) .
Studies regarding the early events of the HBV life cycle have been particularly problematic, as human primary hepatocytes, the physiological host, are difficult to procure and maintain in tissue culture and are refractory to genetic manipulation. The development of alternative infectivity models for HBV, represented by proliferating liver-derived cell lines able to differentiate and support HBV infection in vitro, has considerably overcome many of these drawbacks (5) (6) (7) . Moreover, the suitability of differentiated umbilical cord matrix stem cells to investigate the early steps of HBV infection was also demonstrated (8) . Thus, important progress in understanding viral entry has been made within the last years; the molecular determinants of HBV attachment to target cells have been characterized for both host cells (9, 10) and the viral particle (11) , and new cellular factors such as caveolin-1, clathrin heavy chain, and clathrin adaptor protein AP-2 have been described to play a role in HBV endocytosis in different cell lines (6, 12) . Very recently, sodium taurocholate cotransporting polypeptide (NTCP), a multiple-domain-spanning transmembrane transporter, has been proposed as a functional receptor for HBV and hepatitis D virus (HDV) (13) . Following cell attachment and endocytosis, virus particles must travel along the endocytic route to reach the replication site. Despite these recent discoveries, the intracellular trafficking events, which are critical for the initiation of a productive infection by providing the appropriate environment for virus uncoating and nucleocapsid release, have remained completely obscure for HBV.
The dynamics of the complex network of vesicles of the endocytic pathway is regulated by Rab proteins and their effectors (14) . These are small guanosine triphosphatases (GTPases) of the Ras superfamily involved in selection of vesicle cargos, budding, targeting, and fusion (15) (16) (17) . Owing to a restricted expression pattern in specific endocytic compartments and their ability to recruit distinctive effector proteins, Rab proteins are powerful tools to discriminate between pathways leading to different intracellular locations (16, 18, 19) .
In this work we investigated the trafficking of HBV particles at postentry stages, by modulating expression of endogenous Rab5, Rab7, Rab9, and Rab11 in differentiated HepaRG cells, which are permissive for HBV infection. These proteins regulate individual steps in the transport of newly endocytosed vesicles, from the plasma membrane to early endosomes (Rab5) (20) and further to late endosomes and lysosomes (Rab7) (21) or the trans-Golgi net-work (Rab9) (22) and are also involved in vesicle recycling (Rab11) (23, 24) . We demonstrate that silencing of either Rab5 or Rab7 expression results in significant inhibition of the early stages of HBV infection, while Rab9 and Rab11 have no effect. The results indicate that transport of viral particles to late endosomes is required for a crucial step of the life cycle, most probably the nucleocapsid release. Subcellular fractionation of HBV-infected cells showed that an important amount of viral particles are further transported to late endosomes/endolysosomes, in a time-dependent manner. Intriguingly, interference with the lysosomal activity by pH neutralization or treatment with protease inhibitors had no effect on infection, suggesting that HBV transport into the degradative branch of the endocytic pathway is not required to initiate this process. Together, these data build up a model for the cellular mechanisms of HBV trafficking controlling the early stages of the viral life cycle.
MATERIALS AND METHODS
Cell lines. HepaRG cells were routinely maintained in William's E medium (Gibco) supplemented with 10% fetal bovine serum, 50 U/ml penicillin, 50 g/ml streptomycin, 2 mM Glutamax (Invitrogen), 5 g/ml insulin, and 5 ϫ 10 5 M hydrocortisone hemisuccinate (Sigma). Cell differentiation was induced by addition of 2% dimethyl sulfoxide (DMSO) to the medium, as previously described (5). HepG2.2.2.15 cells, stably transfected with two copies of the HBV genome, were grown in RPMI 1640 medium (Euroclone) containing 10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 g/ml streptomycin, and 2 mM Glutamax (Invitrogen), supplemented with 200 g/ml of G418 (Gibco).
Generation of HepaRG cell lines stably expressing tetracycline-inducible short hairpin RNA (shRNA) specific for Rab5, Rab7, Rab9, and Rab11. All short hairpin oligonucleotide sequences (Invitrogen) ( Table 1) were cloned into pENTR/H1/TO entry vector (Invitrogen) following the manufacturer's instructions, and the correct insertion was confirmed by sequencing. Of the three known Rab5 isoforms, Rab5a was targeted for silencing, due to its ubiquitous expression and established function in regulating trafficking through the early endocytic pathway. The shRNA expression vector pLenti4/H1/TO was generated by recombination pENTR/H1/TO entry vector with the pLenti4/BLOCK-iT-DEST vector via a standard Gateway LR recombination reaction (Invitrogen). The plasmid confers zeocin resistance and expression is controlled by a tetracycline (Tet)-regulated promoter.
The HepaRG tetR cell line stably overexpressing the Tet repressor (tetR) was obtained by transduction with a lentivirus produced from pLenti6-TR plasmid (BLOCK-iT inducible H1 lentiviral RNA interference [RNAi] system; Invitrogen). Transduced cells were treated with 2 g/ml blasticidin S, and resistant clones were selected following serial dilution. HepaRG tetR cells were transduced with the pLenti4/H1/TO lentivirus containing a specific shRNA sequence, cloned above. HepaRG clones expressing shRNA specific for Rab5 (HepaRG ) were selected by serial dilution in the presence of 400 g/ml zeocin. In control experiments, HepG2.2.2.15 tetR/shRab5 and HepG2.2.2.15 tetR/shRab7 cell lines were also generated following the same procedure as described for HepaRG. For further maintenance and induction experiments, the new cell lines were grown in their corresponding medium supplemented with 1 g/ml blasticidin S and 200 g/ml zeocin.
SDS-PAGE and Western blotting. Cells were grown in six-well plates, and shRNA expression was induced with 1 g/ml Tet for 72 h. Cells were further lysed as described previously (25) , and lysates were subjected to centrifugation at 10,000 ϫ g for 10 min. The proteins in the supernatant were quantified using the bicinchoninic acid method (Pierce), and equal amounts were loaded for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to nitrocellulose membranes using a semidry blotter (Millipore) and detected by incubation with either rabbit anti-Rab5, -Rab7, and -Rab9 antibodies (Abs) (Cell Signaling Technology, diluted 1:1,000) or mouse anti-Rab11 antibody (BD Transduction Laboratories, diluted 1:1,000) followed by horseradish Confocal fluorescence microscopy. Cells were seeded on cover glass and maintained for 3 days in the presence or absence of 1 g/ml Tet. When human transferrin (hTfn) internalization was monitored, the cells were washed with phosphate-buffered saline (PBS) and incubated for 1 h in serum-free medium before addition of 50 g/ml hTfn-Alexa Fluor 488 (Invitrogen), for 30 min at 4°C. The medium containing the fluorescent marker was removed, and the cells were washed three times with PBS, followed by 30-min incubation in complete medium at 37°C. For microscopy analysis cells were fixed with 4% paraformaldehyde, washed three times with PBS, permeabilized with 0.2% Triton X-100 in PBS, and incubated for 30 min with specific primary Abs. Rabbit anti-Rab5, -Rab7, and -Rab9 or mouse anti-Rab11 was used at a 1:100 dilution. Mouse antiLamp1 (Santa Cruz Biotechnology) and cation-independent mannose 6-phosphate receptors (CI-MPRs) (Santa Cruz Biotechnology) were diluted 1:1,000 and 1:250, respectively. Cells were washed three times with PBS and further incubated for 30 min with secondary Alexa Fluor 488-conjugated goat anti-mouse or Alexa Fluor 594-conjugated goat-anti rabbit Abs (Invitrogen) at 1:400 dilutions. The samples were mounted with Vectashield mounting medium (Invitrogen) containing DAPI (4=,6-diamidino-2-phenylindole) to visualize the nuclei and analyzed under a Zeiss LSM 710 laser-scanning confocal microscope using a 63ϫ objective. Images were processed with ZEN software.
Flow cytometry analysis. Cells were seeded in six-well plates and maintained for 3 days in the presence or absence of 1 g/ml Tet. To investigate the internalization of hTfn, cells were starved in serum-free medium for 1 h at 37°C, followed by incubation with 50 g/ml hTfnAlexa Fluor 488 for 30 min at 4°C. Unbound hTfn was removed by washing with PBS, and cells were further incubated for 30 min at 37°C in complete medium. Noninternalized ligand was removed by treatment with 0.05% trypsin-EDTA followed by washing with PBS, before the fluorescence-activated cell sorter (FACS) analysis. For LysoTracker internalization, the cells were rapidly detached with 0.05% trypsin-EDTA before incubation with 75 nM LysoTracker Green Dnd-26 (Invitrogen) for 3 min. Duplicate samples from two independent experiments were analyzed using the FACS Calibur and the Cell Quest Pro software.
HBV infection assay. HepaRG cells were differentiated as described in reference 5. A 300-fold-concentrated supernatant of HepG2.2.2.15 cells containing 10 4 HBV genome equivalents (Geq)/cell was used as viral inoculum. Infection was performed in the presence of 4% polyethylene glycol 8000 for 24 h at 37°C as described previously (26) . In experiments addressing the effect of Rab proteins silencing on HBV life cycle, 1 g/ml Tet was added at day 3 prior to viral inoculation and maintained to day 3 postinfection (p.i.); in a different setting, Tet treatment was applied from days 7 to 14 p.i., as indicated in the figure legends. When the effects of different inhibitors were monitored, the cells were incubated with medium containing 400 M buthionine sulfoximine (BSO), 50 nM bafilomycin A (Baf), 50 mM NH 4 Cl or 100 M E64d. The drugs were added either after removal of the HBV inoculum (BSO) or 24 h later (BSO, Baf, NH 4 Cl, and E64d) and were maintained for 24 h. Infected cells were harvested 14 days p.i., and the encapsidated viral DNA was quantified by real-time PCR. All infection experiments were performed with duplicate samples and repeated at least three times.
Quantification of HBV DNA by real-time PCR. HBV-infected HepaRG cells were harvested, and intracellular encapsidated viral DNA was purified by phenol-chloroform extraction, as described elsewhere (27) . The DNA was quantified using a Corbett Rotor-Gene 6000 real-time PCR system and Maxima SYBR green quantitative PCR (qPCR) master mix (Fermentas), following amplification of a 279-bp HBV-specific fragment. The number of viral Geq was determined using a calibration curve containing serial dilutions of known amounts of a pTriEx-HBV1.1 vector.
Quantification of HBV replication by Southern blotting.
HepG2.2.2.15
tetR/shRab5 and HepG2.2.2.15 tetR/shRab7 cells were induced with 1 g/ml Tet for 3 days or maintained untreated as a control. Treatment with 10 M lamivudine (3TC; Moravek Biochemicals) was also included as a control of inhibition of viral replication. An equal number of cells were used to extract nucelocapsid viral DNA, following the same procedure as for real-time PCR. The purified DNA was separated on a 1.2% agarose gel and transferred to a Hybond-N membrane (GE Healthcare), using a vacuum transfer blotter (Bio-Rad). The blot was hybridized with a fluorescein-labeled probe obtained by random priming using the HBV DNA genome as the template. Detection of the HBV-specific DNA bands was described previously (27) .
Subcellular fractionation of HBV-infected cells. HepaRG cells were differentiated in collagen-coated T75 flasks and infected with 10 4 HBV Geq/cell, for 24 h. Following removal of the viral inoculum, the cells were washed extensively with PBS containing 0.05% trypsin-EDTA to remove any bound and noninternalized virions. The cells were further incubated for either 24 or 48 h, extensively washed with PBS, and harvested with 0.05% trypsin-EDTA. The pellet obtained following centrifugation of cells for 5 min at 2,000 ϫ g was washed twice with TS buffer (0.25 M sucrose, 10 mM Tris-Cl [pH 7.4]) then resuspended in 3 ml TS buffer on ice. Samples were homogenized with 40 strokes in a Douncer on ice, followed by centrifugation at 1,000 ϫ g for 20 min at 4°C. The supernatant was centrifuged at 6,000 ϫ g for 20 min at 4°C. The resulting supernatant was resolved in a 30% Percoll gradient by centrifugation in a 70Ti rotor of the OptimaXPN-100 Beckman ultracentrifuge at 28,000 rpm for 45 min at 4°C. A first fraction of 9 ml was collected from the top, followed by 20 fractions of 0.6 ml. The Percoll was removed following 3-fold dilution of each fraction in TS buffer and centrifugation at 25,000 ϫ g for 45 min at 4°C. The pellets were split in two and used to quantify the amount encapsidated viral DNA by real-time PCR or to determine the distribution of intracellular markers by SDS-PAGE and Western blotting using antiLamp1 (dilution, 1:200), anti-Crt, and anti-cathepsin D (dilution 1:2,000) Abs (Abcam).
RESULTS
Characterization of HepaRG cell lines with tetracycline-inducible, downregulated Rab5, Rab7, Rab9, or Rab11 expression. Interference with expression of key regulators of the endocytic pathway is widely used to investigate viral entry, the Rab proteins being very good candidates for such a task (28) (29) (30) (31) . However, genetic manipulation is very problematic for primary hepatic or differentiated HepaRG cells, mainly because of the very low transfection efficiency. Therefore, to investigate the trafficking events following HBV endocytosis, newly HepaRG cell lines were established, stably and controllably expression of shRNA molecules targeting Rab5, Rab7, Rab9, and Rab11. This inducible gene expression system brings an enormous advantage over other approaches, by eliminating the discrepancies due to clonal variation and has been successfully applied for HepaRG to investigate the role of the HBx protein in HBV replication (32) .
The new HepaRG clones were analyzed for the expression of the corresponding Rab proteins, in the absence and presence of the inducer, by Western blotting using specific Abs. As shown in Fig. 1 , addition of Tet to the cell medium resulted in a significant reduction of Rab5 biosynthesis in HepaRG tetR/shRab5 cells but not in the cell lines bearing shRNA targeted to either Rab7, Rab9, or Rab11 (Fig. 1A) . Similarly, Rab7 expression was downregulated in HepaRG tetR/shRab7 cells; however, it was unaffected in the remaining cell lines (Fig. 1B) . The same behavior was observed for Rab9 and Rab11 when their expression was analyzed in all four HepaRG clones ( Fig. 1C and D) . The level of Crt, a soluble endoplasmic reticulum (ER)-resident protein was also measured as a control (Fig. 1E) . Downregulation of Rab protein synthesis in the presence of inducer was quantified using the Quantity One software (Fig. 1F) . Together, the results suggest that Tet induction was efficient at silencing the expression of each of the Rab proteins considered in this experiment and, importantly, downregulation of a specific Rab did not impact the expression of the other Rabs in the same cell line. cell lines. Very recently, an unexpected resilience of the endocytic pathway to perturbations in the concentration of key regulator molecules was documented in vivo (33) . Therefore, to determine the consequences of the Rab proteins' silencing on the trafficking properties of the newly developed HepaRG cells, the subcellular distribution of a series of well-established markers of intracellular pathways was next investigated. The iron-loaded protein Tfn is internalized through its receptor (TfnR) and delivered to the early/sorting endosome in a Rab5-dependent process (34) . Most of the internalized TfnR is trafficked back to the plasma membrane through the recycling endosomes regulated by Rab11 (23, 35) . Endocytosis of fluorescently labeled hTfn and confocal microscopy were used to determine the effect of Rab5 and Rab11 depletion on the endocytic properties of the new HepaRG cell lines. As shown in Fig. 2A and HepaRG tetR/shRab11 cells. Dual immunolabeling showed a partial colocalization with both Rab5 in vesicular compartments distributed more centrally within the cytoplasm, as previously shown for early endosomes (36) (Fig. 2A) , and Rab11 in structures more diffusely distributed throughout the cell, partially enriched in the perinuclear area, characteristic of recycling endosomes (Fig. 2B ) (37) . Following Tet induction, the amount of internalized hTfn decreased significantly in HepaRG tetR/shRab5 cells, with a fraction of the fluorescent marker accumulating in the vicinity of the plasma membrane ( Fig. 2A, arrow) . A similar behavior was observed for HepaRG tetR/shRab11 cells, where prevention of the TfnR recycling to the plasma membrane resulted in less fluorescent ligand being endocytosed (Fig. 2B) . Consistent with the results obtained by Western blotting, a strong depletion of Rab5 and Rab11 was readily observed in the corresponding Tet-induced HepaRG cells ( Fig. 2A and B) .
These observations were further confirmed following quantitative measurement of the internalized fluorescence by FACS analysis (Fig. 2C) .
To investigate the impact of Rab7 downregulation on the organization of the endolysosomal compartment, we monitored the distribution of the lysosomal-associated membrane protein 1 (Lamp1), a major lysosomal membrane protein (38) , in HepaRG tetR/shRab7 cells, in the presence or absence of the inducer. Dual labeling using Lamp1-and Rab7-specific Abs followed by confocal microscopy analysis revealed three distinct populations of vesicles in untreated cells, Rab7 or LAMP1 positive or containing both markers, and these populations were more concentrated around the nucleus (Fig. 3A) , which is consistent with the results shown previously in intact live cells (39) . In contrast, the loss of Rab7 expression in Tet-induced cells was accompanied by Lamp1 dispersion from the juxtanuclear region, in smaller vesicles scattered throughout the cytosol. A similarly altered intracellular distribution was observed following expression of Rab7 dominantnegative variants in HeLa cells, which resulted in functionally defective lysosomes. Moreover, acidification of the dispersed lysosomes was significantly perturbed in these cells in the absence of a continuous supply of vacuolar proton ATPase from the transGolgi network (21) .
The changes of the endolysosomal compartment properties in HepaRG tetR/shRab7 cells were also quantified by FACS using LysoTracker, a membrane-permeable probe accumulating in acidic organelles (40) . As shown in Fig. 3B , the intensity of the fluorescent signal was reduced by 70% in induced cells compared to controls, demonstrating that Rab7 silencing was achieved at a sufficient level to impact the lysosomal function.
Mannose 6-phosphate receptors (MPRs) carry lysosomal en-
FIG 1 Biosynthesis of Rab proteins in HepaRG
tetR/shRab5 , HepaRG tetR/shRab7 , HepaRG tetR/shRab9 , and HepaRG tetR/shRab11 cells. HepaRG cells stably expressing shRNA specific for the indicated Rab proteins were either induced with 1 g/ml Tet for 3 days (ϩ) or maintained untreated (Ϫ) as a control. The total protein content in cell lysates was quantified, and equal amounts were loaded for SDS-10% PAGE. Depletion of the Rab proteins was confirmed by Western blotting using anti-Rab5 (A), anti-Rab7 (B), anti-Rab9 (C), and anti-Rab11 (D) Abs. Crt levels in the same cell lysates were detected with specific Abs and used as a loading control (E). The representative blots from three independent experiments are shown. Quantification of the blotted proteins was performed using the Quantity One software. The error bars represent the standard deviations (SD) among three independent experiments (F). zymes from the trans-Golgi network to endosomes and then return to the trans-Golgi network in a process regulated by Rab9 (22) . As a consequence, MPRs predominantly colocalize with this compartment, while a fraction is also present in Rab9-positive late endosomes (41) . We next monitored the intracellular distribution of the cation-independent (CI)-MPRs by confocal microscopy, to characterize the Rab9-dependent trafficking in the HepaRG tetR/shRab9 cells. As expected, in cells expressing normal levels of Rab9, CI-MPRs were concentrated in the perinuclear area, while little staining was observed in punctate vesicles throughout the cytoplasm (42) (Fig. 4A) . However, in the absence of Rab9 expression, the latter fraction was more prominent and extended to the cell periphery, consistent with CI-MPR retention within late endosmes and acceleration of the endosome-to plasma membrane transport, described previously (43) (Fig. 4A) . Moreover, the LAMP1 staining was reduced in peripheral structures, while a much tighter juxtanuclear localization became dominant, another effect described following Rab9 depletion (43) (Fig. 4B) .
Additional control experiments were performed to monitor the distribution of CI-MPRs in Rab5-, Rab7-, and Rab11-depleted cells, as well as that of Lamp1 in the absence of Rab5 or Rab11 expression. The consequences of Rab7 and Rab9 or Rab5 and Rab11 depletion on internalization of hTfn and Lysotracker, respectively, were also investigated. Overall, no significant alteration of the distribution of these markers was observed in cells depleted of the corresponding Rabs, confirming the functional specificity of each Rab silencing (data not shown).
Collectively, the data show that the Rab proteins were specifically and efficiently downregulated in the newly developed HepaRG cell lines, providing reliable tools to investigate the early steps of the HBV life cycle.
HBV infection is dependent on Rab5 and Rab7, but not Rab9 and Rab11 expression. Having established the trafficking properties of the HepaRG tetR/shRab5 , HepaRG tetR/shRab7 , HepaRG tetR/shRab9 , and HepaRG tetR/shRab11 cell lines, we next investigated the ability of HBV to initiate productive infection in these cells. All cell lines were differentiated in collagen-coated sixwell plates and then either treated with Tet for 3 days or maintained untreated as a control. Cells were further inoculated with equal amounts of virus stock, purified from HepG2.2.2.15 cell supernatants as described above. Induction was discontinued at day 3 p.i., following Tet removal, allowing the silenced Rabs to return to normal levels during viral replication. HBV nucleocapsids were purified from infected cells at day 14 p.i., and the viral DNA was quantified by real-time PCR. As shown in Fig. 5A , a strong inhibition of HBV infection was observed upon induction in both HepaRG tetR/shRab5 and HepaRG tetR/shRab7 cells, of about 70 and 75%, respectively. In contrast, Rab9 or Rab11 silencing did not have any significant impact on HBV infection (Fig. 5B) . These results suggest that the HBV particles enter the endocytic pathway of the host cell and require trafficking as far as late endosomes/ lysosomes to initiate an infectious cycle. Moreover, neither the recycling compartment nor the endosomal transport to the transGolgi network is important in this process.
It was reported that expression of certain shRNA sequences can trigger an interferon response in host cells (44) . Since such a potential nonspecific stress response may have antiviral effects on its own, the transcripts of two genes, the OAS2 and MX1, involved in interferon-stimulated pathways, were investigated by reverse transcription-PCR. Neither of the transcripts was found to be upregulated in any of the newly developed HepaRG cell lines (data not shown).
HBV replication is not affected by Rab5 or Rab7 downregulation. To investigate the early steps of viral infection, Rab silencing was performed in a controlled manner, within the first 3 days p.i., when viral replication is at a minimum level in HepaRG cells (5) . However, as the outcome of infection is measured at day 14 p.i., a potential direct influence of Rab5 or Rab7 depletion on HBV replication, although unlikely, cannot be completely excluded. To address this possibility, two control experiments were performed. In the first approach, HBV-infected HepaRG tetR/shRab5 and HepaRG tetR/shRab7 cells were treated with Tet during viral replication, between days 7 and 14 p.i., and the amount of nucleocapsids was quantified by real-time PCR, as above. As shown in Fig. 6A , neither Rab5, nor Rab7 silencing had any significant effect on the viral DNA level. In a second approach, Rab5 and Rab7 depletion was achieved in HepG2.2.2.15 cells, which are not permissive for HBV infection, using the same Tetcontrolled shRNA expression system employed for the HepaRG cells. The decreased amount of Rab5 and Rab7 proteins in induced cells was confirmed by Western blotting (Fig. 6B) Together, the results demonstrate that the inhibitory effects of Rab5 and Rab7 described in the section above clearly address the early stages of viral entry.
HBV is trafficked to the degradative branch of the endocytic pathway. To further characterize the compartments traversed by HBV following internalization, a subcellular fractionation experiment was performed with HepaRG cells at 24 and 48 h p.i. by ultracentrifugation in a 30% Percoll gradient. This type of gradient has been used before to separate endocytic vesicles in two distinct populations: a light fraction consisting of early endosomes and heterogeneous secretory vesicles and a heavier fraction mainly composed of late endosomes/lysosomes (45) .
The postnuclear fractions were collected from top to bottom and characterized for the presence of different endocytic markers by Western blotting and viral nucleocapsids by real-time PCR. Lamp1 was concentrated in fractions 2 to 6, which were also positive for the ER-resident protein Crt, and fractions 15 to 20, which were heavily loaded with the 34-kDa, mature cathepsin D chain characteristic of the lysosomal compartment (46) (Fig. 7A) . These results are consistent with Lamp1 being shuttled between lysosomes and endosomes and confirm the successful separation of the endolysosome heavy fraction from the remaining heterogenous vesicles. Interestingly, purification of the HBV particles from the collected fractions showed that the virus is distributed along the endocytic pathway during 24 h p.i., mainly in the light endosomal vesicles. In contrast, the major pool of HBV particles is tetR/shRab7 cells were treated with 1 g/ml Tet or 10 M 3TC for 3 days or maintained untreated as a control. HBV nucleocapsids were extracted from an equal number of cells, and the purified DNA was analyzed by Southern blotting. The HBV replication forms (RF) were detected with a fluorescein-labeled probe obtained by random priming using the HBV DNA genome as the template (C). concentrated in nucleocapsids in Lamp1 and cathepsin D-labeled endolysosomes at 48 h p.i., an indicator of the transport to the degradative branch (Fig. 7B) . To determine the nature of the HBV particles reaching this location, the endolysosomal fractions were pooled and subjected to immunoprecipitation with either anticapsid or anti-S Abs followed by purification of the viral DNA and quantification by real-time PCR. Comparable amounts of viral DNA were isolated in both immunoprecipitates, suggesting that this fraction contains enveloped as well as naked particles (data not shown).
It was previously demonstrated that pharmacological agents known to elevate the pH of endosomes and lysosomes have no impact on HBV or DHBV infections when cells are pretreated with these reagents (12, 47) . To determine whether the inhibition of lysosomal function has any impact on HBV infectivity, we have retested Baf and NH 4 Cl by adding the drugs at 24 h p.i. and maintaining the treatment for another 24 h. The protease inhibitor E64d was also included in this experiment. Despite the longer treatment applied, these inhibitors remained without effect (Fig. 8A) , suggesting that the lysosomal proteolytic activity does not play an active role in infection; rather, the virus may be transported to this compartment to be further degraded and thus removed from the endocytic system.
In addition to providing an acidic environment and various proteolytic enzymes, the late endosomes also ensure a reducing milieu which favors processing of disulfide-linked envelope proteins and could potentially facilitate virus release from the endocytic compartment (48) . To test if this hypothesis applies to HBV, we depleted the cells of glutathione (GSH), by using BSO, a membrane-permeable inhibitor that irreversibly inhibits ␥-glutamylcysteine synthetase, the enzyme required for GSH biosynthesis (49) . Interestingly, BSO treatment within the first 24 h p.i. resulted in about 55% reduction of HBV infection, while the inhibitory effect was abolished when the drug was added at later points p.i. (Fig. 8B) . This suggests that a reduction step along the endocytic pathway is required for initiation of a productive infection.
DISCUSSION
Although important advances have been made in recent years toward understanding HBV entry into host cells, many issues remain unclear. Very recently, NTCP, a liver bile acid transporter, was proposed as a potential receptor for HBV (13) . NTCP overexpression in cell lines that are not permissive for HBV infection rendered them susceptible; however, the efficiency of the infection remained intriguingly low, despite these cells being able to ensure high levels of virus replication when the entry steps are bypassed by transfection of the viral genome. This strongly suggests that plasma membrane receptors are not the only limiting factors of infection, other yet unidentified cellular factors may significantly contribute to this process at its very early steps.
This study addressed the unexplored HBV fate, postinternalization in HepaRG cells. By depleting the cells of several key Rab proteins in a controlled manner, we were able to monitor the intracellular trafficking of HBV particles following endocytosis. The data show that HBV requires Rab5-and Rab7-dependent transport through the endosomal compartment to initiate a successful infection, while neither the recycling endosomes nor the vesicles en route to trans-Golgi network are involved in this process (summarized in Fig. 9 ). The use of early endocytic pathway by the HBV particles is not in disagreement with our previous results reporting a dependence on functional caveolin-1 for productive infection (12) . Recent studies have linked caveolin to conventional endocytic trafficking pathways and the existence of the caveosome, the unique transport organelle involved in caveolamediated endocytosis, is now doubted (50) .
The results of this study imply that viral particles enter early endosomes that progress to late endosomes where the appropriate environment may provide the signal for the release of the viral genome into the cytoplasm, leading to infection. Trafficking through endosomes is known to be important for viruses that depend on low pH or endosomal proteases to facilitate uncoating (51, 52) . However, acidification does not appear to be an essential factor for HBV infection, as extended cell treatment with Baf or NH 4 Cl did not affect this process; similarly, inhibition of endosomal cathepsin activity remained without having any consequences on the infection outcome. This intriguing behavior is not singular to HBV; other viruses, such as echovirus 7, use the endocytic trafficking to initiate infection in a pH-and protease activityindependent manner (53) . One possible interpretation is that trafficking through endosomes, albeit essential, may only represent an intermediate step leading to a cellular organelle where the viral genome is released. For instance, it has been shown that canine parvovirus and mouse polyomavirus use the recycling endosomes to finally reach the lysosomes and the ER, respectively (54, 55) ; however, the recycle compartment was clearly shown to be dispensable for HBV infection. Alternatively, the late endosomes may host another factor essential for HBV uncoating. The structure of the HBV envelope is stabilized by extensive intra-and intermolecular disulfide cross-linking of the component polypeptides (56) , thus the disulfide bond-reducing activity of the endocytic pathway is a good candidate for such a function (57, 58) . Using fluorescence resonance energy transfer (FRET)-based imaging, it was shown that the disulfide reduction machinery is activated upon internalization of a folate-FRET reporter into endosomes, independent of the interaction of this compartment with the lysosomes or the Golgi apparatus (59) . Such activity requires deprotonation of thiols, which is not favored thermodynamically by the acidic environment of the endosome, suggesting that most likely, an enzymatic catalysis is involved (59) . Interestingly, entry of other enveloped viruses, such as the human immunodeficiency virus (HIV), depends on a reduction step involving a cell-surface protein disulfide isomerase (PDI)-related protein (60, 61) . However, this does not appear to be the case for HBV, since treatment of cells with either membrane-impermeable compounds that alter the redox state of surface-exposed cysteine residues or PDI inhibitors had no effect on infection (62) . In our study, the kinetics of HBV infection in the presence of the membrane-permeable GSH biosynthesis inhibitor favors the hypothesis of thiol-disulfide exchange occurring in an internal cellular compartment, not at the cell surface. Indeed, BSO efficiently inhibited HBV early in infection but not at later points, implying that the reduction step is restricted to a particular location along the endocytic pathway. We are currently employing extensive proteomic analysis to identify additional host factors associated with the redox machinery of the endocytic pathway with a potential role in infection, using an approach described before for the plasma membrane proteins (63) .
Monitoring of viral entry by single-particle tracking has not been possible for HBV, as infection efficiency is very low in vitro and attempts to label functional HBV virions have failed so far, despite successful approaches being described for SVP (64, 65) . As an alternative, here we have employed subcellular fractionation and amplification of encapsidated viral DNA to further examine the intracellular distribution of internalized virions. After uptake by differentiated HepaRG cells, the viral particles were found dispersed into a fraction of heterogeneous endocytic vesicles, consisting of early and late endosomes, while they later were concentrated into lysosomes, suggesting that viral nucleocapsids remain intact in the endocytic pathway for at least several days. This is consistent with the observation made during the first characterization of the HepaRG cell line, showing that the input viral particle level is relatively stable, being detected within the cells for at least 2 days (5). Moreover, enveloped virus particles were immunoprecipitated in the lysosomal fraction, which is an indication that uncoating in a previous compartment is a rather inefficient process, in competition with trafficking further down the degradation pathway. The HBV transport to lysosomes remains intriguing, as no evidence for a role of this compartment in promoting infection could be demonstrated. Interestingly, it has been shown that a fraction of HIV particles bound to target cells is taken up by endocytosis but remains entrapped in the endocytic pathway and fails to initiate infection, eventually being targeted to lysosomes for degradation (66) . Following cell treatment with pharmacological agents that increase the pH of endosomes and lysosomes, HIV-1 infection was greatly enhanced suggesting that the virus is able to escape from lysosomes when rescued from degradation (66) . This behavior was not observed for HBV; rather, the trafficking into the endocytic degradative branch appears to be a dead-end pathway, possibly as a part of the cell defense mechanisms to limit the number of viral particles available to initiate productive infection. This hypothesis is supported by the observation that internalized HBV core particles are transported to lysosomes and further disassembled as a result of endoproteolytic cleavage within the arginine-rich domain of the core polypeptide, by cysteine proteases (67) .
Taken together, these studies indicate that HBV transport through early and late endosomal compartments is a viable pathway leading to productive infection in HepaRG cells. Future experiments should establish whether the lysosomal trafficking and accumulation of the viral particles in this compartment are contributing factors to the unusual low efficiency of HBV infection in vitro, characterized by low kinetics and requiring a high concentration of virus inoculum (26) .
